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a b s t r a c t
This article reports a study of the thermal relaxation in cast ﬁlms of two polyﬂuorene based polymers,
poly{9,9-dioctylﬂuorenyl-2,7-diyl} (BE329) and poly{(9,9-dioctyl-2,7-divinylene-ﬂuorenylene)-alt-co-
[2-methoxy-5-(2-ethyl-hexyloxy)-1,4-phenylene]} (GE108). The relaxation processes were identiﬁed by
Dynamical Mechanical Thermal Analysis (DMTA), which revealed three processes in both samples: 
process at lower temperatures and two relaxations at higher temperatures (named as ˛A and ˛B). The
relaxations mechanics were elucidated by Solid-State Nuclear Magnetic Resonance (NMR) methods. The
results revealed that the relaxation is related tomolecularmotions in the side-groups, while the second
and third relaxations can be attributed to local rotations in the backbone and to a glass transition. The
molecular relaxations were also identiﬁed by the temperature dependence of the ﬂuorescence spectra,
which were also associated with their molecular nature.
© 2009 Elsevier B.V. All rights reserved.
1. Introduction
It has been observed that the optical and electrical properties
of the electroluminescent materials are temperature dependent
[1–3]. For polyﬂuorenes these properties were inﬂuenced by both
the polymer relaxation involving chain segments as well as solid
phase transitions when they crystallize or form liquid crystalline
phases [3]. One of the reasons for the inﬂuence of the temperature
on the electro-optical properties is the temperature dependence
of the charge transport processes [4]. However, the mechanistic
description is in general poorly understood. In previous works the
photoluminescence emissionof theMEH-PPV showed temperature
changes, which were associated with speciﬁc movements of the
polymer chain such as motions of the lateral groups and backbone
rings [1,5,6].
In this report we describe the polymer relaxation processes and
their mechanisms for two polyﬂuorene (named according to the
ADS trademarks BE329 and GE108, Fig. 1) using DMTA, NMR and
photoluminescence techniques. The chemical structures of these
two polymers were correlated: the BE329 is an alkylated polyﬂu-
orene and the GE108 is a copolymer of the alkylate ﬂuorene unit
and a phenylene vinylene unit. The role of the phenylene vinylene
units on the polyﬂuorene crystallinity and relaxation processes are
discussed.
∗ Corresponding author. Tel.: +55 16 33738086; fax: +55 16 33739876.
E-mail address: azevedo@if.sc.usp.br (E.R. deAzevedo).
2. Experimental
PolyﬂuorenesBE329andGE108werepurchased fromADSCom-
pany with Mn =40–80kgmol−1. Chloroform 99.8% supplied from
Vetec, Brazil, was dried using molecular sieves (4Å). Films were
cast in a saturated atmosphere of chloroform during 1h and dried
under dynamic-vacuum during 12h at 60 ◦C. Films thicknesses
were about 30m. DMTA measurements were performed in ten-
sion mode at 1.0Hz and heating rates of 2 ◦C/min. Steady-state
ﬂuorescence spectroscopywascarriedoutusinga systemdescribed
elsewhere [1,6]. Solid-State NMR experiments were performed
using a 9.4 T VARIAN spectrometer in a 7-mm MAS-VT probe head.
Typical /2 pulses lengths of 3.5 and 4.0s were applied for 13C
and 1H.
3. Results and discussion
3.1. Identiﬁcation of relaxation processes (DMTA)
Fig. 1b shows the DMTA curves storage module (E′) and
tan ı=E′′/E′ vs. temperature) for the samples GE108 and BE329,
which exhibited two distinct peaks for both samples: the lower
temperature peak assigned to a -relaxation process (−73 and
−60 ◦C, respectively) and a broad and complex peak at the higher
temperature associated to two relaxation processes, which will be
named ˛A (between 50 and 70 ◦C) and ˛B (85 and 90 ◦C), respec-
tively. Due to the strong peak superposition, the temperature of
the ˛A relaxation can only be estimated. Taking into account these
temperatures, we can conclude that the vinylene phenylene units
0379-6779/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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Fig. 1. Chemical structures of BE329 and GE108 and corresponding DMTA storage
modulus and tan ı as a function of temperature.
decrease the temperature of all relaxation processes. According to
X-ray diffraction results (data are not shown), BE329 is a semicrys-
talline polymer [7] while GE108 is completely amorphous, which
explains the DMTA data.
3.2. Mechanics of relaxation processes (Solid-State NMR)
Fig. 2(top) depicts the 13C Cross Polarization Magic Angle Spin-
ning (CPMAS) NMR [8] spectra of GE108 and BE329 at 30 ◦C with
the assignments of the signals according to the chemical struc-
ture of Fig. 1. Information about molecular motions were obtained
using Dipolar Chemical Shift Correlation (DIPSHIFT) experiments
[9], which provide a measurement of the 13C–1H magnetic dipo-
lar coupling of each chemical group. This is done by measuring the
dependence of the signal amplitude (each line on the CPMAS spec-
trum) with an evolution period (t1) [10], where the nuclear spins
evolves under the action of the CH dipolar coupling, producing a
curve dependent on the dipolar coupling strength, dip. Motions
with rates between 103 and 107 Hz average the 13C–1H coupling,
changing the shape of the DIPSHIFT curves and making possible to
distinguish rigid from mobile groups [10]. Although, motions with
rates of about 1kHz can be already detected by DIPSHIFT, the anal-
ysis of DIPSHIFT curves when motions with rates between 103 and
106 Hz (intermediate regime) take place involves more elaborated
approaches [11], which includes dynamic spins dynamics simula-
tions to describe the motion effect in the quantum evolution of the
13C nuclear spins under homonuclear decoupling of the 1H nuclei
[12]. In contrast, for motions in the so called fast limit (motional
rates higher than 106 Hz) the analysis is much simpler since the
DIPSHIFT curves become dependent of only geometrical aspects
of the motion, for example, reorientation angles or if the motion is
isotropicoranisotropic [10]. Therefore, inorder toprovideasimpler
analysis of the DIPSHIFT curves, we performed the experiments at
80 ◦C. At this temperature the motion detected by the DMTA (rates
of ∼1Hz) measurements already achieved the fast limit (this was
checked by measuring the DIPSHIFT curves at 100 ◦C, which were
identical to the ones at 80 ◦C—not shown). Analysis of the interme-
diate regime motions will be published elsewhere. Fig. 2(middle)
shows the DIPSHIFT curves at 80 ◦C for three speciﬁc side-chain
groups in both samples. The curves of carbons 14 and 22 are char-
acteristic of rigid CH2 groups, meaning that the backbone attached
side-chain groups do not experience molecular rotations. In con-
trast, the curves for carbons in the middle (15–19/23–27) and in
the end (19 and 28) of the side-chain are much less deep, show-
ing that there is motion induced reduction on the CH couplings. An
interesting feature is that the curves for carbons in the middle and
endof the side-chainare similar inGe108 (so the side-chainexecute
large angle rotations), but clearly distinct in Be329. This difference
is explained taking into account that BE329 has a crystalline phases
where the side chains are heavily packed [13], leading to fraction
of side-chains that only can execute restricted rotations [13]. Thus,
one can ascribe these side chain motions to the  relaxation that
appears at low temperatures in the DMTA data.
The DMTA curves at 1Hz excitation showed the presence of ˛A
and ˛B relaxations, suggesting the occurrence of slower rotations
(rates of 1–103 Hz, which are not detected by DIPSHIFT). To detect
them we used the NMR method Centerband-Only Detection of
Exchange (CODEX), which is capable of probing molecular motions
with rates between 1 and 103 Hz [14,15]. The experiment detects
the signal reduction due to changes in the orientation-dependent
chemical-shift frequencies (encoded by a evolution period named
Ntr) that take place during a mixing time (tm) [14]. A simple quan-
tiﬁcation is performed by taking the NMR spectrum after applying
the pulse sequence, S, and subtracting from a control spectra, S0,
that does not encode molecular motion effects [14]. The result in
the spectrum S= S0 − S, which only shows non-vanish intensity
for signals corresponding to groups presenting slow mobility. The
normalized spectral intensity S/S0 depends on the motion ampli-
tude (reorientation angles) and for ﬁxed tm and Ntr (500 and 2ms
in our case) one can ascribe the intensity increase in the S spec-
tra to the increase of the motional amplitude. Fig. 2(bottom) shows
the S spectra of samples BE329 and GE108 at 25, 65 and 85 ◦C.
At 25 ◦C, the S spectra show appreciable intensity only for back-
bone carbons peaks. Because of the chemical-shift anisotropy is
muchhigher for ring carbons than for aliphatic carbons, small angle
rotations (<20◦) produce non-vanish S intensity for backbone
carbons but not for side-chain carbons [14]. Therefore, the slow
molecular rotations at 25 ◦C might be characterized by small angle
librations of the backbone. It is also observed that the intensity of
the backbone associated peaks increases as a function of temper-
ature, pointing to an increase in the backbone motion amplitude.
Actually, for carbons 2 and 5 S/S0 = 0.65 (GE108) and 0.4 (BE329)
at 85 ◦C indicates ahigh amplitudemotion,which is consistentwith
high angle motions expected for a glass transition like dynamics.
In summary, CODEX measurements indicated that both ˛A and ˛B
relaxationpeaksmight be associatedwithbackbonemotions, prob-
ably being a glass transition process and torsions of the backbone
rings.
3.3. Inﬂuence of the relaxation process on the photoluminescence
Fig. 3 depicts the ﬂuorescence spectra of BE329 and GE108 at
−250, −100, 0, and 100 ◦C. The spectra are blue-shifted under the
sample heating and the vibronic structure is lost as reported for
other polyﬂuorenes [2–4]. For GE108 the temperature dependence
of the integrated spectra over the entire wavelength range (from
500 to 620nm), reveals a monotonically decrease of the ﬂuores-
cence intensity for increasing temperatures, consistent with the
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Fig. 2. Solid-State NMR results for BE329 and GE108. CPMAS spectra with line assignments (top); DIPSHIFT curves for selected signal of side-chain carbons (middle); pure
exchange CODEX spectra at selected temperatures (bottom). The numbers above some lines are the corresponding S/S0 ratio. The MAS spinning frequency was 7kHz.
relative increase of the efﬁciency of the non-radiative rate con-
stants at higher temperatures. Around the ˛A and ˛B relaxation
temperatures, 60–100 ◦C, the intensity ﬁrst becomes constant and
them slightly increases, showing that at this temperatures there
is a competitive process that compensates the increase of the efﬁ-
ciency of the non-radiative processes. The general trend for the
decrease of the intensity with the increase of the temperature
can be explained by the relative increase of the non-radiative rate
constants compared with the radiative rate when the tempera-
ture increases. Moreover, non-radiative rate constants are strongly
inﬂuenced by the extrinsic properties of the medium, such as the
relaxation processes of the polymer chain. This is the reason for
changesof the slopesof the integrated intensityversus temperature
for this amorphous polymer.
The intensity versus temperature curve proﬁle is different
for BE329. There is an initial decrease of the intensity due to
the increase of the non-radiative rate constant from −250 to
−170±10 ◦C, then the intensity becomes approximately constant
from −160 to −60 ◦C, followed by an increase of the intensity.
Increase of the non-radiative rate constants with the increase
of the temperature explains the initial decrease of the emission
intensity. The increase of the intensity with the increase of the
temperature above −60 ◦C requires the formation of some species
with higher emission quantum yield in detriment of species with
lower emission efﬁciency that compensates the increase of the efﬁ-
ciency of the non-radiative processes [16]. It is well known that
aggregates of conjugated polymers usually formed by-staking of
the aromatic rings are species with low emission quantum yield
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Fig. 3. Steady-state ﬂuorescence spectra of BE329 and GE108 (top) and their normalized integral as a function of temperature (bottom).
compared with non-aggregate chain segments. Therefore, we are
proposing that when the motions of the lateral groups of the
polymer chain are thermally activated, they will disturb the inter-
chain association (present in the more-ordered system) leading to
the emission of non-associated chains (more disordered system).
Therefore, the increase of the emission intensity after -relaxation
process canbeexplainedby the changeof themore-ordered tonon-
ordered structure of the polymer chain induced by the motion of
side-chain groups [12]. Around the ˛A and ˛B relaxation temper-
atures an increase of the ﬂuorescence intensity is also observed,
which can be attributed to the increase in the amplitude to the
backbone rotations reducing the planarity of the backbone and
decreasing themolecular packing , for examples due to a crystalline
phase change, as already pointed in theoretical studies [16]. Again,
inter-chain interactions are destroyed and species with higher
emission quantum yields are formed and the emission intensity
increases.
4. Conclusions
Thisworkgives anunderstandingof themechanismof the relax-
ation processes of two polyﬂuorenes by combining the results of
thermal and photophysical processes with the NMR spectroscopy
data, which elucidated the molecular segments involved with the
macromolecular conformational relaxations. It was demonstrated
that the main relaxations are associated to movements of the side-
chain, backbone torsion motions, and chain relaxation during the
glass transition. This relaxation process affects the photolumines-
cence by increasing the non-radiative contribution, shortening the
conjugation length due to torsional motions, causing blue shifts,
and decreasing the packing order, which decrease the dynamics of
the inter-chain process.
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